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Materials	  and	  Methods	  
Unless	   otherwise	   noted,	   all	   chemicals	   and	   reagents	   for	   chemical	   reactions	   were	   obtained	   from	   commercial	  
suppliers	   (Sigma,	   Aldrich,	   Fluka,	   Wako	   Chemicals,	   Toronto	   Research,	   Carbosynth,	   Fischer	   Scientific,	   MP	  
Biomedicals,	   TCI	   America)	   and	   used	   without	   purification.	   Solvents	   used	   in	   the	   synthesis	   of	   substrates	   were	  
obtained	   from	   a	   Seca	   Solvent	   System	   by	   GlassContour	   (solvent	   dried	   over	   alumina	   under	   a	   N2	   atmosphere).	  
Chemical	   reactions	  were	   prepared	   in	   flame	  or	   oven-­‐dried	   glassware	   under	   an	   inert	  N2	   atmosphere	   using	   either	  
syringe	   or	   cannula	   techniques.	   Bioconversions	   were	   conducted	   open	   to	   the	   atmosphere	   in	   large	   crystallization	  
dishes	  with	  stirring	  provided	  by	  a	  magnetic	  stir	  bar/plate.	  Silica	  gel	  chromatography	  purifications	  were	  carried	  out	  
using	  AMD	  Silica	  Gel	  60,	  230-­‐400	  mesh.	   1H	  and	  13C	  NMR	  spectra	  were	  recorded	  on	  either	  a	  Varian	  Mercury	  300	  
spectrometer	   (300	  MHz	  and	  75	  MHz,	   respectively),	   a	  Bruker	  DRX-­‐600	   spectrometer	   equipped	  with	   a	  CryoProbe	  
(600	  MHz	  and	  150	  MHz	  for	  1H	  and	  13C),	  or	  a	  Varian	  Inova	  600	  spectrometer	  (600	  MHz	  and	  150	  MHz	  for	  1H	  and	  13C),	  
and	  are	   internally	   referenced	   to	   residual	   solvent	  peak.	  Data	   for	   1H	  NMR	  are	   reported	   in	   the	   conventional	   form:	  
chemical	   shift	   (δ	   ppm),	  multiplicity	   (s=singlet,	   d=doublet,	   t=triplet,	   q=quartet,	  m=multiplet,	   br=broad),	   coupling	  
constant	  (Hz),	   integration.	  Data	  for	  13C	  NMR	  are	  reported	  in	  the	  terms	  of	  chemical	  shift	  (δ	  ppm)	  and	  multiplicity.	  
High-­‐resolution	  mass	   spectra	   were	   obtained	   with	   a	   JEOL	   JMS-­‐600H	   High	   Resolution	  Mass	   Spectrometer	   at	   the	  
California	   Institute	  of	  Technology	  Mass	  Spectral	   Facility	  or	  an	  Agilent	  6210	  Time	  of	  Flight	  Mass	  Spectrometer	  at	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The	   Scripps	   Research	   Insititue	   Center	   for	   Mass	   Spectrometry.	   Reactions	   were	   monitored	   using	   thin	   layer	  
chromatography	  (Merck	  60	  silica	  gel	  plates)	  using	  a	  5%	  aqueous	  H2SO4	  solution	  and	  heat	  as	  visualizing	  agent.	  Gas	  
chromatography	  (GC)	  analyses	  were	  carried	  out	  using	  a	  Shimadzu	  GC-­‐17A	  gas	  chromatograph,	  a	  FID	  detector,	  and	  
an	  Agilent	  HP5	  column	  (30	  m	  x	  0.32	  mm	  x	  0.1	  μm	  film).	  GC-­‐MS	  analyses	  were	  carried	  out	  on	  a	  Hewlett-­‐Packard	  
5970B	  MSD	  with	   5890	   GC	   and	   a	   DB-­‐5	   capillary	   column.	   The	   LC-­‐MS	   analysis	   were	   carried	   at	   Agilent	   equipment	  
Series	  1100,	  equipped	  with	  a	  C18	  column	  kromasil	  C18	  (5	  um	  x	  50	  mm	  x	  4.6	  mm)	  using	  acetic	  acid	  0.1	  %	  (solvent	  A)	  
and	   acetonitrile	   (solvent	   B)	   as	   mobile	   phase.	   Flow	   2.0	   mL/min	   and	   1.0	   µL	   of	   injection	   volume.	   Plasmid	  
pCWori[BM3]	  was	   used	   as	   cloning	   vector.	   Oligonucleotides	   were	   purchased	   from	   Integrated	   DNA	   Technologies	  
(IDT,	  San	  Diego,	  CA),	  and	  the	  sequences	  of	  the	  primers	  used	  in	  this	  study	  are	  reported	  below.	  Electro-­‐competent	  
Escherichia	   coli	   cells	  were	   prepared	   following	   the	   protocol	   of	   Sambrook	   et	   al.1	   Restriction	   enzymes	  BamHI	   and	  
SacI,	  Phusion	  polymerase,	  and	  T4	   ligase	  were	  purchased	  from	  New	  England	  Biolabs	   (NEB,	   Ipswich,	  MA).	  Alkaline	  
phosphatase	  and	  Taq	  polymerase	  were	  obtained	   from	  Roche	   (Nutley,	  NJ).	  The	  modified	  trace	  metal	  mix	  used	   in	  
expression	  cultures	  was	  reported	  by	  Studier.2	  
	  
General	  Procedures	  
	  
Enzyme	   Library	   Screening.	   Libraries	  maintained	   in	   our	   laboratory	   are	   stored	   at	   -­‐78	   °C	   as	   glycerol	   stocks	   (Luria-­‐
Bertani	  medium	   (LBamp)),150	   μL,	   20%	   v/v	   LB/glycerol	  with	   0.1	  mg/mL	   ampicillin)	   in	   96-­‐well	   plates.	   These	   stocks	  
were	   used	   to	   inoculate	   96-­‐well	   deep-­‐well	   plates	   containing	   300	   μL	   LBamp	  medium	   using	   a	   96-­‐pin	   stamp.	   Single	  
colonies	   from	  error	  prone	  PCR	  or	   recombination	   libraries	  were	  picked	  by	  a	  Qpix	   robot	   (Genetix,	  Beaverton,	  OR)	  
and	  used	  to	  inoculate	  300	  μl	  of	  LBamp.	  The	  cells	  were	  incubated	  at	  37	  °C,	  225	  rpm,	  and	  80%	  relative	  humidity	  over	  
night.	  After	  16	  h,	  50	  μL	  aliquots	  of	  these	  overnight	  cultures	  were	  transferred	  into	  2	  mL,	  deep-­‐well	  plates	  containing	  
terrific	  broth	  (TBamp)	  (800	  μL	  containing	  0.1	  mg/mL	  ampicillin	  and	  1	  μL/mL	  trace	  metal	  mix)	  using	  a	  Multimek	  96-­‐
channel	  pipetting	  robot	  (Beckman	  Coulter,	  Fullerton,	  CA).	  The	  cultures	  were	  incubated	  at	  37	  °C	  for	  4	  h,	  and	  30	  min	  
after	   reducing	   the	   incubation	   temperature	   to	  25°C	   (225	   rpm	  and	  80%	   relative	  humidity),	  50	  μL	   isopropyl	  β-­‐D-­‐1-­‐
thiogalactopyranoside	  (IPTG,	  4.5mM	  in	  TBamp)	  was	  added,	  and	  the	  cultures	  were	  allowed	  to	  continue	  for	  another	  
24	  h	  at	  25	  °C	  (225	  rpm	  and	  80%	  relative	  humidity).	  Cells	  were	  then	  pelleted	  (3,000xg,	  15	  min,	  4	  °C)	  and	  stored	  at	  -­‐
20	   °C	   until	   further	   use	   but	   at	   least	   for	   2	   h.	   For	   cell	   lysis,	   plates	   were	   allowed	   to	   thaw	   for	   30	   min	   at	   room	  
temperature	   and	   then	   cell	   pellets	   were	   resuspended	   in	   300	   μL	   phosphate	   buffer	   (0.1	  M,	   pH	   =	   8,	   0.75	  mg/mL	  
lysozyme	  and	  40	  U/mL	  DNase	   I).	   The	   lysing	   cells	  were	   incubated	   at	   37	   °C	   for	   1	   h,	   and	   then	   the	   cell	   debris	  was	  
separated	  by	  centrifugation	  at	  5,000xg	  and	  4	  °C	  for	  15	  min.	  The	  resulting	  crude	  lysates	  were	  then	  transferred	  to	  
96-­‐well	  microtiter	  plates	  for	  assay.	  
	  
High	  Throughput	  Colorimetric	  Assay.	  BM3	  variants	  in	  cell	  lysate	  (40	  μL)	  were	  diluted	  with	  phosphate	  buffer	  (200	  
μL	  final	  reaction	  volume,	  0.1	  M,	  pH	  =	  8).	  The	  appropriate	  substrate	  (1	  mM	  final	  substrate	  concentration)	  in	  either	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phosphate	   buffer	   (0.1	  M,	   pH	   =	   8)	   or	   DMSO	   (final	   concentration	   no	   greater	   than	   2.5%	   v/v)	  was	   added,	   and	   the	  
reactions	   were	   initiated	   by	   addition	   of	   a	   solution	   of	   NADPH	   in	   phosphate	   buffer	   (0.5	   mM	   final	   NADPH	  
concentration,	   0.1	  M	   phosphate	   buffer,	   pH	   =	   8).	   After	   2	   h,	   the	   reactions	   were	   quenched	   by	   addition	   of	   50	   μL	  
Purpald	  solution	  (0.16	  M	  in	  2M	  NaOH),	  and	  the	  absorbance	  of	  the	  mixtures	  at	  550	  nm	  was	  measured	  after	  30-­‐45	  
min	  using	  a	  plate	  reader.	  
	  
CO	  Binding	  Assay.	  BM3	  variants	  in	  cell	  lysate	  (40	  μL)	  were	  diluted	  with	  60	  μL	  phosphate	  buffer	  (0.1	  M,	  pH	  8.0).	  To	  
this	  solution	  was	  added	  100	  μL	  sodium	  dithionite	  (0.3	  M	  in	  phosphate	  buffer,	  1	  M,	  pH	  8.0).	  The	  absorbance	  at	  450	  
and	  490	  nm	  was	  recorded	  using	  a	  plate	  reader,	  and	  the	  microtiter	  plates	  were	  placed	  in	  a	  vacuum	  chamber.	  The	  
chamber	  was	  sealed,	  evacuated	  to	  approximately	  -­‐15	  in	  mmHg,	  purged	  with	  CO	  gas,	  and	  incubated	  for	  20	  min.	  The	  
plates	  were	  then	  removed	  and	  the	  absorbance	  at	  450	  and	  490	  nm	  was	  again	  recorded	  using	  a	  plate	  reader.	  The	  
difference	  spectra	  could	  then	  be	  used	  to	  determine	  the	  P450	  concentration	  in	  each	  well.3	  
	  
Site-­‐Directed	  Mutagenesis.	  Base	  pair	  mutations	  were	   introduced	   into	   the	  genes	  coding	   for	  BM3	  variants	  by	  site	  
directed	   overlap	   extension	   (SOE)	   PCR.	   For	   each	   mutation,	   two	   separate	   PCRs	   were	   performed,	   each	   using	   a	  
perfectly	  complementary	  flanking	  primer	  at	  the	  5’	  and	  3’	  end	  of	  the	  sequence	  and	  the	  mixture	  of	  the	  mutagenic	  
primers.	   The	   PCR	   conditions	   were	   as	   follows:	   Phusion	   HF	   buffer	   1x,	   DNA	   0.5	   ng,	   0.2	  mM	   dNTPs	   each,	   0.5	   μM	  
forward	   primer,	   0.5	   μM	   reverse	   primer,	   and	   0.02	   U/μl	   Phusion	   polymerase.	   The	   resulting	   two	   overlapping	  
fragments	   that	   contained	   the	   base	   pair	   substitution	   were	   then	   assembled	   in	   a	   second	   PCR	   using	   the	   flanking	  
primers	  resulting	  in	  the	  full	  length	  mutated	  gene.	  2	  ug	  of	  resulting	  DNA,	  as	  well	  2	  ug	  of	  vector	  were	  digested	  with	  
the	  restrictions	  enzymes	  Sac	  I	  (Biolabs,	  200	  U/mL)	  and	  Bam	  HI	  (Biolabs,	  200	  U/mL),	  	  NEBI	  buffer	  1x	  and	  BSA	  1x	  at	  
37	   °C	   	   for	   1.5	   h.	   The	   vector	   dephosphorylation	   was	   carried	   using	   alkaline	   phosphatase	   (Roche,	   0.02U/µL),	  
phosphatase	  buffer	  1x	  at	  37	  °C	  for	  30	  min.	  2000	  ng	  of	   insert	  was	  ligated	  to	  100	  ng	  of	  vector	  (insert/vector	  =	  20)	  
using	  T4	  DNA	  ligase	  (Roche,	  0.07	  U/µL),	  T4	  DNA	  ligase	  buffer	  1	  x	  at	  16	  °C	  overnight.	  
	  
Radom	  Mutagenesis.	  A	   library	  of	   8F11	  mutants	  was	   created	  by	   error	   prone	  PCR	  using	   50	  ng	  of	   	   template	  DNA	  
mixed	   to	  0.2	  mM	  of	   each	  dNTP	   (Roche),	   0.5	  μM	   forward	  primer,	   0.5	  μM	  do	   reverse	  primer,	   Taq	  buffer	   1x,	   Taq	  
polymerase	  (0.02	  U/μl,	  Roche),	  MnCl2	  	  100	  µM	  flanking	  primers	  HF1	  and	  HR2.	  The	  DNA	  from	  PCR	  was	  digested	  with	  
Dpn1	   (0.2	  U/µL,	  Roche)	   at	   37	   °C	   for	   	   1h.	  After	  PCR	  2	  ug	  of	  DNA,	   as	  well	   2	  ug	  of	   vector	  were	  digested	  with	   the	  
restrictions	  enzymes	  Sac	  I	  (Biolabs,	  200	  U/mL)	  and	  Bam	  HI	  (Biolabs,	  200	  U/mL),	  	  NEBI	  buffer	  1x	  and	  BSA	  1x	  at	  37	  °C	  	  
for	  1.5	  h.	  The	  vector	  dephosphorylation	  was	  carried	  using	  alkaline	  phosphatase	  (Roche,	  0.02U/ µL),	  phosphatase	  
buffer	  1x	  at	  37	  °C	  for	  30	  min.	  2000	  ng	  of	  insert	  was	  ligated	  to	  100	  ng	  of	  vector	  (insert/vector	  =	  20)	  using	  T4	  DNA	  
ligase	  (Roche,	  0.07	  U/ µL),	  T4	  DNA	  ligase	  buffer	  1	  x	  at	  16	  °C	  overnight.	  After	  transforming	  electro-­‐competent	  E.	  coli	  
DH5α	  cells	  with	  the	  desalted	  ligation	  mixture,	  cells	  were	  allowed	  to	  recover	  in	  SOC	  medium	  (37	  °C,	  45	  min),	  plated	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then	   onto	   LBamp	   agar	   plates	   (6.25	   g	   LB	   powder	   mix,	   4	   g	   agar,	   250	   mL	   DDI	   water,	   0.1	   mg/mL	   ampicillin),	   and	  
incubated	  at	  37	  °C	  for	  16	  h.	  Approximately	  17,000	  clones	  from	  this	  library	  were	  picked	  as	  previously	  described.	  	  
	  
P450	  Expression	  and	  Purification.	  For	  the	  chemo-­‐enzymatic	  transformations,	  P450Bm3	  enzyme	  variants	  were	  used	  
in	  purified	   form.	  Enzyme	  batches	  were	  prepared	  as	   follows.	  Two	   liters	  TBamp	  were	   inoculated	  with	  an	  overnight	  
culture	  (100	  mL,	  LBamp)	  of	  recombinant	  E.	  coli	  DH5α	  cells	  harboring	  a	  pCWori	  plasmid	  encoding	  for	  the	  P450	  variant	  
under	   the	  control	  of	  Plac	  promoter.	  At	  an	  OD600	  of	  1.8	   (ca.	  3-­‐4	  h),	   the	   incubation	  temperature	  was	  reduced	  to	  
25°C	  (30	  min),	  and	  the	  cultures	  were	  induced	  by	  adding	  IPTG	  to	  a	  final	  concentration	  of	  0.1	  mM.	  The	  cultures	  were	  
allowed	  to	  continue	  for	  another	  24	  hours	  at	  this	  temperature.	  After	  harvesting	  the	  cells	  by	  centrifugation	  (4	  °C,	  15	  
min,	   3000xg),	   the	   cell	   pellet	   was	   resuspended	   in	   25	  mM	   TRIS-­‐HCl	   buffer	   (pH	   8.0)	   and	   cells	   were	   disrupted	   by	  
sonication	  (4x1min,	  50%	  duty	  cycle).	  Cell	  debris	  was	  removed	  by	  centrifugation	  for	  20	  min	  at	  4	  °C	  and	  20000xg	  and	  
the	  resulting	  cell	  lysate	  was	  loaded	  onto	  a	  Q	  resin	  and	  the	  column	  was	  washed	  with	  three	  column	  volumes	  (cv)	  of	  
25	  mM	  TRIS-­‐HCl	  (pH	  8.0),	  150	  mM	  NaCl.	  Bound	  protein	  was	  eluted	  with	  25	  mM	  TRIS-­‐HCl	  (pH	  8.0),	  340	  mM	  NaCl	  
and	   concentrated	   using	   Millipore	   Centricon	   tubes.	   After	   buffer	   exchange	   with	   100	   mM	   KPi	   (pH	   8.0),	   protein	  
samples	  were	  frozen	  and	  stored	  at	  -­‐80	  °C.	  Protein	  concentration	  was	  determined	  in	  duplicate	  from	  CO-­‐difference	  
spectra	  as	  previously	  described.	  Yields	   typically	   ranged	  between	  100	  and	  500	  mg	  protein	  per	   liter	  depending	  on	  
the	  variant.	  
	  
Typical	  Procedure	  for	  Medium-­‐Scale	  Bioconversions.	  To	  a	  well	  of	  a	  24-­‐well	  plate	  was	  added	  potassium	  phosphate	  
buffer	  (100	  mM,	  pH	  8,	  0.5-­‐1	  mL	  final	  reaction	  volume)	  and	  a	  solution	  of	  the	  desired	  substrate	  in	  phosphate	  buffer	  
or	  DMSO	  (1	  equiv,	  1	  mM	  final	  concentration).	  A	  solution	  of	  NADP+	  (0.5	  equiv,	  0.5	  mM	  final	  concentration),	  glucose-­‐
6-­‐phosphate	   (40	   equiv,	   40	   mM	   final	   concentration),	   glucose-­‐	   6-­‐phosphate	   dehydrogenase	   (2	   units/mL	   final	  
reaction	  volume).	  A	  solution	  of	  the	  appropriate	  BM3	  variant	  (1	  μM	  final	  concentration)	  was	  added,	  the	  plate	  was	  
loosely	  fitted	  with	  its	  lid	  and	  shaken	  at	  35	  rpm.	  Following	  the	  desired	  reaction	  time,	  a	  0.4	  mL	  aliquot	  was	  removed	  
and	   combined	   with	   0.2	   mL	   CHCl3.	   The	   mixture	   was	   thoroughly	   vortexed	   and	   the	   resulting	   suspension	   was	  
centrifuged	  at	  10,000	  rpm	  for	  1	  min.	  The	  organic	  phase	  was	  transferred	  to	  a	  chromatography	  vial	  and	  analyzed	  by	  
GC	  or	  LC.	  
	  
9-­‐10A	  F87V.	  	  Screening	  a	  large	  number	  of	  BM3	  variants	  already	  contained	  in	  the	  Arnold	  lab	  culture	  collection	  led	  
to	   the	   identification	   of	   9-­‐10A,	  whose	   sequence	   has	   been	  previously	   published,4	   and	   its	   close	   variants	   as	   having	  
measurable	   activity	   on	   pentose	   substrates.5	   	   It	   was	   therefore	   desired	   to	   use	   9-­‐10A	   as	   the	   parent	   for	   directed	  
evolution	   experiments	   aimed	   at	   improving	   activity	   on	   bulky	   substrates.	   	   However,	   the	   low	   stability	   of	   9-­‐10A	  
prevented	   it	   from	   tolerating	   the	   number	   of	   mutations	   necessary	   for	   library	   creation,	   including	   combinatorial	  
alanine	   substitution.	   	   To	   increase	   its	   stability,	  putatively	   stabilizing	  mutations	   found	   in	  other	  BM3	  variants	  were	  
introduced	   into	   9-­‐10A	   and	   their	   effects	   on	   stability	   were	   measured.	   	   Additionally,	   the	   F87V	   mutation	   was	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incorporated	  as	   it	   increased	  activity	  on	  pentoses.5	   	  For	  half	   life	  measurements,	  purified	  protein	  was	  diluted	  to	  1	  
μM	  in	  0.1	  M	  phosphate	  buffer	  and	  incubated	  in	  water	  baths	  at	  50	  °C.	  	  Triplicate	  samples	  were	  removed	  and	  stored	  
on	  ice	  for	  time	  points	  between	  0	  and	  3	  hrs.	  The	  protein	  concentration	  was	  determined	  by	  CO	  binding.3	   	  The	  half	  
lives	  were	  calculated	  by	  plotting	  the	  natural	  log	  of	  the	  fraction	  remaining	  versus	  time	  and	  determining	  the	  slope.	  	  
The	  primers	  utilized	  to	  introduce	  the	  putatively	  stabilizing	  point	  mutations	  are	  shown	  in	  Table	  S1	  and	  the	  stabilities	  
of	  the	  resulting	  point	  mutants	  are	  shown	  in	  table	  S2.	  	  The	  sequence	  of	  the	  stabilized	  variant	  9-­‐10A	  F87V	  TS	  is:	  9-­‐
10A	  C47R	  F87V	  I94K	  I366V	  E442K	  C205F	  S255R.	  
Table	  S1.	  	  Sequences	  of	  primers	  used	  to	  introduce	  stabilizing	  point	  mutants.	  
Primer	  Name	   Sequence	  (5’-­‐3’)	  
C47R_for	   CGAGGCGCCTGGTCGTGTAACGCGCTAC	  
C47R_rev	   GTAGCGCGTTACACGACCAGGCGCCTCG	  
I94K_for	   GCTGGACGCATGAAAAAAATTGGAAAAAAGCG	  
I94K_rev	   CGCTTTTTTCCAATTTTTTTCATGCGTCCAGC	  
I366V_for	   CGTGATAAAACAGTTTGGGGAGACG	  
I366V_rev	   CGTCTCCCCAAACTGTTTTATCACG	  
E442K_for	   CGTTAAAACCTAAAGGCTTTGTGG	  
E442K_rev	   CCACAAAGCCTTTAGGTTTTAACG	  
C205F_for	   CAAGCGCCAGTTTCAAGAAGATATCAA	  
C205F_rev	   TTGATATCTTCTTGAAACTGGCGCTTG	  
S255R_for	   GATGACGGGAACATTCGCTATCAAATTATTAC	  
S255R_rev	   GTAATAATTTGATAGCGAATGTTCCCGTCATC	  
F87V_for	   GAGACGGGTTAGTAACAAGCTGGAC	  
F87V_rev	   GTCCAGCTTGTTACTAACCCGTCTC	  
	  
Table	  S2.	  	  Half-­‐life	  measurements	  for	  variants	  with	  putatively	  stabilizing	  point	  mutations.	  
Clone	   Half-­‐Life	  at	  
50	  °C	  (min)	  
Wild	  Type	  BM3	   68	  ±	  18	  
9-­‐10A	   3.2	  ±	  .3	  
9-­‐10A	  C47R	   7.0	  ±	  .1	  
9-­‐10A	  I94K	   6.6	  ±	  .3	  
9-­‐10A	  C47R,	  I94K	   13	  ±	  3	  
9-­‐10A	  C47R,	  I94K,	  I366K	   17	  ±	  3	  
9-­‐10A	  C47R,	  I94K,	  E442K	   16	  ±	  4	  
9-­‐10A	  C47R,	  I94K,	  I366K,	  E442K	   23	  ±	  2	  
9-­‐10A	  C47R,	  I94K,	  I366K,	  E442K,	  C205F	   32	  ±	  2	  
9-­‐10A	  C47R,	  I94K,	  I366K,	  E442K,	  S255R	   43	  ±	  7	  
9-­‐10A	  C47R,	  I94K,	  I366K,	  E442K,	  C205F,	  S255R	   136	  ±	  15	  
	  
Combinatorial	  alanine	  substitution.	  	  Combinatorial	  alanine	  substitution	  of	  9-­‐10A	  F87V	  TS	  was	  accomplished	  by	  
cloning	  fragments	  of	  the	  parent	  gene	  using	  degenerate	  primers	  or	  primer	  mixtures	  encoding	  either	  the	  parental	  
residue	  or	  alanine	  at	  each	  site	  (Table	  S3)	  and	  the	  “site-­‐directed	  mutagenesis”	  protocol	  outlined	  above.	  	  These	  
fragments	  were	  assembled	  to	  generate	  a	  28	  (256)	  member	  library	  containing	  the	  desired	  alanine	  substitutions	  
 6	  
(Figure	  S1).	  	  E.	  coli	  was	  transformed	  with	  the	  library	  mixture	  and	  767	  single	  colonies	  (ca.	  3x	  theoretical	  library	  size)	  
were	  picked	  and	  used	  to	  inoculate	  media	  in	  96-­‐well	  deep	  well	  plates.	  
Table	  S3.	  	  Primers	  used	  to	  introduce	  combinatorial	  alanine	  substitutions.	  
Primer	  name	   Sequence	  (5’-­‐3’)	  
K69L75F	  
K69L75R	  
A69L75F	  
A69L75R	  
K69A75F	  
K69A75R	  
A69A75F	  
A69A75R	  
CTTTGATAAAAACTTAAGTCAAGCGCTTAAATTTG	  
CAAATTTAAGCGCTTGACTTAAGTTTTTATCAAAG	  
CTTTGATGCAAACTTAAGTCAAGCGCTTAAATTTG	  
CAAATTTAAGCGCTTGACTTAAGTTTGCATCAAAG	  
CTTTGATAAAAACTTAAGTCAAGCGGCTAAATTTG	  
CAAATTTAGCCGCTTGACTTAAGTTTTTATCAAAG	  
CTTTGATGCAAACTTAAGTCAAGCGGCTAAATTTG	  
CAAATTTAGCCGCTTGACTTAAGTTTGCATCAAAG	  
M177L181F	  
M177L181R	  
A177L181F	  
A177L181R	  
M177A181F	  
M177A181R	  
A177A181F	  
A177A181R	  
TATTATAAGTATGGTCCGTGCACTGGATGAAGTAA	  
TTACTTCATCCAGTGCACGGACCATACTTATAATA	  
TATTATAAGTGCGGTCCGTGCACTGGATGAAGTAA	  
TTACTTCATCCAGTGCACGGACCGCACTTATAATA	  
TATTATAAGTATGGTCCGTGCAGCGGATGAAGTAA	  
TTACTTCATCCGCTGCACGGACCATACTTATAATA	  
TATTATAAGTGCGGTCCGTGCAGCGGATGAAGTAA	  
TTACTTCATCCGCTGCACGGACCGCACTTATAATA	  
TA260I263TA268F	  
TA260I263TA268R	  
TA260A263TA268F	  
TA260A263TA268R	  
AATTATTRCATTCTTAATTGCGGGACACGAARCAACAAGT	  
ACTTGTTGYTTCGTGTCCCGCAATTAAGAATGYAATAATT	  
AATTATTRCATTCTTAGCTGCGGGACACGAARCAACAAGT	  
ACTTGTTGYTTCGTGTCCCGCAGCTAAGAATGYAATAATT	  
L437F	  
L437R	  
A437F	  
A437R	  
GATATTAAAGAAACTTTAACGTTAAAACCTAAA	  
TTTAGGTTTTAACGTTAAAGTTTCTTTAATATC	  
GATATTAAAGAAACTGCAACGTTAAAACCTAAA	  
TTTAGGTTTTAACGTTGCAGTTTCTTTAATATC	  
	  
Figure	  S1.	  	  Outline	  of	  procedure	  used	  for	  combinatorial	  alanine	  substitution	  of	  9-­‐10A	  F87V.	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Synthetic	  Procedures	  
The	   substrates	   thebaine	   (8),	   dextromethorphan	   (9),	   noscapine,	   eritromycin,	   brucine,	   emetine,	   palmitine	   and	  
colchicine	  were	  purchase	  from	  Sigma-­‐Aldrich.	  	  
	  
General	  procedure	  for	  preparation	  of	  MOM-­‐protected	  thioglycosides:	  
	  
To	  an	  suspension	  of	  galactose	  (1.8	  g,	  10	  mmol)	   in	  Ac2O	  (4.82	  mL,	  51	  mmol)	  at	  0°	  C	  was	  added	  BF3·∙Et2O	  (1.9	  mL,	  
15.6	  mmol)	  in	  one	  portion.	  After	  the	  completion	  of	  the	  reaction	  (ca.	  5	  min),	  thiophenol	  (1.6	  mL,	  15.6	  mmol)	  was	  
added	  and	  the	  reaction	  mixture	  was	  allowed	  to	  stir	  for	  another	  5	  h.	  The	  reaction	  was	  quenched	  by	  addition	  of	  aq.	  
NaHCO3	  and	  extracted	  with	  CH2Cl2.	  The	  organic	  layer	  was	  washed	  with	  brine,	  dried	  with	  Na2SO4,	  and	  concentrated	  
under	   vacuum.	   2,3,4,6-­‐tetra-­‐O-­‐acetyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	   (3.8	   g,	   88%)	   was	   purified	   by	   flash	  
chromatography.	  
2,3,4,6-­‐tetra-­‐O-­‐acetyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	   (3.5	   g,	   0.8	   mmol)	   was	   dissolved	   in	   10	   mM	  
NaOMe/MeOH	  (20	  mL).	  After	  stirred	   for	  1h,	  1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	   (2.2	  g,	  quant.)	  was	  obtained	  by	  
chromatography	  (iatro	  beads,	  MeOH).	  
DIEA	   (10	   mL,	   60	   mmol)	   and	   MOMCl	   (3.4	   mL,	   45	   mmol)	   were	   added	   to	   a	   solution	   of	   1-­‐phenylthio-­‐β-­‐D-­‐
galactopyranoside	   (1.36	   g,	   5.0	   mmol)	   in	   DCM	   (100	   mL)	   at	   0	   oC.	   The	   reaction	   was	   slowly	   warmed	   to	   room	  
temperature	  overnight.	  Upon	  the	  disappearance	  of	  starting	  material,	  the	  residue	  was	  dried	  in	  vacuo	  and	  submit	  to	  
flash	  chromatography	  to	  give	  2,3,4,6-­‐tetra-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	  (1.9	  g,	  85%)	  as	  a	  
colorless	  oil.	  
	  
	  
2,3,4,6-­‐tetra-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	  (6):	  	  1H	  NMR	  (400	  MHz,	  CDCl3)	  δ	  7.55	  (d,	  J	  =	  
7.0,	  2H),	  7.37	  –	  7.15	  (m,	  3H),	  4.91	  (dd,	  J	  =	  6.3,	  4.8,	  2H),	  4.78	  (dd,	  J	  =	  20.1,	  6.5,	  3H),	  4.68	  (d,	  J	  =	  6.7,	  1H),	  4.65	  –	  4.57	  
(m,	  3H),	  4.06	  (d,	  J	  =	  2.7,	  1H),	  3.81	  –	  3.61	  (m,	  4H),	  3.51	  (s,	  3H),	  3.43	  (s,	  3H),	  3.41	  (s,	  3H),	  3.39	  –	  3.36	  (m,	  1H),	  3.33	  (s,	  
3H).	   13C	  NMR	  (101	  MHz,	  CDCl3)	  δ	  131.72,	  128.94,	  127.39,	  98.63,	  97.52,	  97.08,	  96.05,	  88.22,	  80.07,	  74.87,	  72.69,	  
66.92,	  57.08,	  56.20,	  56.08,	  55.62.	  HRMS	  (ESI-­‐TOF)	  calcd	  for	  C20H32O9S:	  471.1659	  (M+Na),	  found:	  471.1664.	  
	  
	  
2,3,4,6-­‐tetra-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐manopyranoside	  (7):	   	  1H	  NMR	  (400	  MHz,	  CDCl3)	  δ	  7.49	   (d,	  J	  =	  
7.8,	  2H),	  7.31	  –	  7.15	  (m,	  3H),	  5.01	  (d,	  J	  =	  6.9,	  1H),	  4.82	  (d,	  J	  =	  6.4,	  1H),	  4.79	  –	  4.70	  (m,	  3H),	  4.69	  –	  4.59	  (m,	  4H),	  4.25	  
(s,	  1H),	  3.92	  –	  3.61	  (m,	  4H),	  3.49	  (s,	  3H),	  3.45	  –	  3.40	  (m,	  0H),	  3.37	  (s,	  6H),	  3.30	  (s,	  3H).	  13C	  NMR	  (101	  MHz,	  CDCl3)	  δ	  
135.14,	  131.34,	  129.07,	  127.50,	  98.62,	  97.62,	  97.13,	  95.89,	  87.63,	  80.06,	  79.83,	  75.45,	  73.41,	  67.55,	  56.73,	  56.67,	  
56.13,	  55.49.	  HRMS	  (ESI-­‐TOF)	  calcd	  for	  C20H32O9S:	  471.1659	  (M+Na),	  found:	  471.1662.	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trimethylestriol	  (10):	  	  To	  an	  oven-­‐dried	  round-­‐bottom	  flask	  under	  N2	  containing	  a	  stir	  bar	  was	  added	  estriol	  (0.437	  
g,	  1.38	  mmol)	  and	  DMF	  (17	  mL).	   	  The	  resulting	  solution	  was	  stirred	  at	  0	  °C,	  and	  NaH	  (0.280	  mg,	  6.90	  mmol)	  was	  
added	  portion-­‐wise.	   	  The	  resulting	  suspension	  was	  stirred	  for	  30	  min,	  MeI	  (0.60	  mL,	  6.0	  mmol)	  was	  added	  drop-­‐
wise	  via	  syringe,	  and	  the	  mixture	  was	  stirred	  at	  room	  temperature	  overnight	  (ca.	  12	  h).	  	  Water	  was	  added	  to	  the	  
flask,	  the	  mixture	  was	  extracted	  with	  diethylether	  (5x30	  mL),	  and	  the	  combined	  organics	  were	  dried	  over	  Na2SO4,	  
filtered,	  and	  concentrated.	  	  The	  resulting	  oil	  was	  purified	  by	  SiO2	  chromatography	  (10%	  ethyl	  acetate	  in	  hexanes)	  
to	  yield	  0.3527	  g	  (77%)	  of	  trimethylestriol	  as	  a	  white	  solid.	  	  1H	  NMR	  (600	  MHz,	  CDCl3)	  δ	  7.19	  (d,	  J	  =	  8.6,	  1H),	  6.71	  
(dd,	  J	  =	  8.6,	  2.6,	  1H),	  6.62	  (d,	  J	  =	  2.4,	  1H),	  3.77	  (s,	  3H),	  3.73	  –	  3.65	  (m,	  1H),	  3.47	  (s,	  3H),	  3.35	  (s,	  3H),	  3.23	  (d,	  J	  =	  5.1,	  
1H),	  2.91	  –	  2.74	  (m,	  2H),	  2.26	  (dt,	  J	  =	  20.8,	  12.5,	  2H),	  2.07	  –	  1.97	  (m,	  1H),	  1.85	  (m,	  1H),	  1.77	  –	  1.60	  (m,	  2H),	  1.54	  (s,	  
3H),	  1.53	  –	  1.21	  (m,	  5H).	  
	  
Preparative	  scale	  Bioconversions	  
Typical	  Procedure	  for	  Preparative-­‐Scale	  Bioconversions.	  To	  a	  100	  x	  50	  mm	  crystallizing	  dish	  (i.e.	  ChemGlass	  #CG-­‐
8276-­‐100)	  was	  added	  potassium	  phosphate	  buffer	  (100	  mM,	  pH	  8)	  and	  a	  solution	  of	  the	  desired	  substrate	  in	  DMSO	  
(1	   equiv,	   5	   mM	   final	   concentration).	   A	   solution	   of	   NADP+	   (0.1	   equiv,	   0.5	   mM	   final	   concentration),	   glucose-­‐6-­‐
phosphate	   (10	   equiv,	   50	   mM	   final	   concentration),	   and	   glucose-­‐6-­‐phosphate	   dehydrogenase	   (2	   units/mL	   final	  
reaction	  volume)	  was	  added.	  A	   solution	  of	   the	  appropriate	  BM3	  variant	   (0.001	  equiv,	  5	  μM	   final	   concentration)	  
was	  added,	  the	  dish	  was	  loosely	  covered	  with	  aluminum	  foil,	  and	  stirred	  using	  a	  magnetic	  stir	  bar.	  The	  moderate	  
stir	   rate	  was	  utilized	   to	   allow	  efficient	  O2	   transfer	   to	   the	   reaction	  mixture	  while	   avoiding	   foaming.	   The	   reaction	  
progress	   could	   be	  monitored	   by	   analyzing	   aliquots	   of	   the	   reaction	  mixture	   as	   described	   for	   the	  medium	   scale	  
bioconversions.	  After	  completed,	  the	  reaction	  mixture	  was	  transferred	  to	  a	  flask	  and	  stirred	  with	  brine	  during	  10-­‐
15	  min.	  Also	  the	  pH	  4	  was	  adjusted	  and	  stirred	  for	  more	  10-­‐15	  min.	  In	  case	  of	  MOM-­‐protected	  sugars	  (1-­‐4)	  the	  pH	  
was	  carefully	  adjusted	  to	  avoid	  hydrolysis	  of	  the	  MOM	  groups	  and	  for	  alkaloids	  5	  and	  6	  after	  stirring	  at	  pH	  4	  the	  pH	  
>	  8	  was	  further	  adjusted.	  The	  combined	  emulsion	  layers	  were	  then	  filtered	  through	  Celite	  to	  break	  the	  emulsion	  
and	  the	  Celite	  pad	  was	  rinsed	  with	  3x20	  mL	  CH2Cl2.	  The	  resulting	  biphasic	  mixture	  was	  transferred	  to	  a	  funnel	  and	  
the	   organic	   phase	   was	   removed.	   The	   remaining	   aqueous	   phase	   was	   re-­‐extracted	   with	   3x10	   mL	   CH2Cl2.	   The	  
combined	  organic	  extracts	  were	  dried	  with	  sodium	  sulfate,	   filtered,	  and	  concentrated.	  The	  resulting	  residue	  was	  
purified	  by	  SiO2	  chromatography.	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2,4,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	  (11):	  Prepared	  using	  0.2012	  g	  6	  (0.4459	  mmol,	  1	  
equiv),	   4.18	   mL	   2A1	   (160	   μM,	   0.0015	   equiv),	   35.1	   mg	   NADP+	   (0.0648	   mmol,	   0.1	   equiv),	   1.364	   g	   glucose-­‐6-­‐
phosphate	   (4.459	  mmol,	  10	  equiv),	  0.50	  mL	  glucose-­‐6-­‐phosphate	  dehydrogenase	   (2	  u/mL	  total	  volume),	  213	  mL	  
KPi	   and	  5.6	  mL	  DMSO.	   	   The	  product	  was	  purified	  by	   SiO2	   chromatography	  eluting	  with	  ethyl	   acetate	   to	  provide	  
0.0741	  g	  11	  (48%)	  as	  a	  colorless	  oil.	  	  1H	  NMR	  (600	  MHz,	  CDCl3)	  δ	  7.55	  –	  7.51	  (m,	  2H),	  7.29	  –	  7.20	  (m,	  3H),	  4.88	  (d,	  J	  
=	  6.7,	  1H),	  4.84	  (d,	  J	  =	  6.7,	  1H),	  4.72	  (d,	  J	  =	  6.7,	  1H),	  4.65	  (d,	  J	  =	  6.7,	  1H),	  4.63	  –	  4.57	  (m,	  3H),	  3.94	  (d,	  J	  =	  1.5,	  1H),	  
3.79	  –	  3.73	  (m,	  1H),	  3.72	  –	  3.65	  (m,	  2H),	  3.59	  (dd,	  J	  =	  11.4,	  3.8,	  2H),	  3.47	  (s,	  3H),	  3.42	  (s,	  3H),	  3.32	  (s,	  3H).	  	  13C	  NMR	  
(151	  MHz,	  CDCl3)	  δ	  133.21,	  131.02,	  128.09,	  126.64,	  97.77,	  97.51,	  96.23,	  86.58,	  77.91,	  76.56,	  76.37,	  73.77,	  66.09,	  
55.64,	  55.53,	  54.71.	  	  HRMS-­‐FAB+	  (m/z):	  [M]+	  calcd	  for	  C18H28O8S,	  404.1505;	  found,	  404.1501.	  
	  
	  
2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐manopyranoside	   (12):	   	   Prepared	   using	   0.140	   g	   7	   (0.312	   mmol,	   1	  
equiv),	   3.86	   mL	   8C7	   (130	   μM,	   0.0016	   equiv),	   25.6	   mg	   NADP+	   (0.0334	   mmol,	   0.1	   equiv),	   1.0170	   g	   glucose-­‐6-­‐
phosphate	   (3.344	  mmol,	  10	  equiv),	  0.35	  mL	  glucose-­‐6-­‐phosphate	  dehydrogenase	   (2	  u/mL	  total	  volume),	  157	  mL	  
KPi,	  and	  4.12	  mL	  DMSO.	  	  The	  product	  was	  purified	  by	  SiO2	  chromatography	  eluting	  with	  ethyl	  acetate	  to	  provide	  
0.0741	  g	  11	  (48%)	  as	  a	  colorless	  oil.	  	  1H	  NMR	  (600	  MHz,	  CDCl3)	  δ	  7.55	  –	  7.50	  (m,	  2H),	  7.32	  –	  7.22	  (m,	  3H),	  5.06	  (d,	  J	  
=	  6.6,	  1H),	  4.83	  (d,	  J	  =	  1.0,	  1H),	  4.79	  –	  4.73	  (m,	  3H),	  4.70	  –	  4.64	  (m,	  2H),	  4.31	  –	  4.27	  (m,	  1H),	  3.95	  –	  3.82	  (m,	  3H),	  
3.57	  –	  3.54	  (m,	  1H),	  3.54	  (s,	  3H),	  3.46	  –	  3.45	  (m,	  1H),	  3.45	  (s,	  3H),	  3.35	  (s,	  3H).	  	  13C	  NMR	  (151	  MHz,	  CDCl3)	  δ	  134.22,	  
130.52,	  128.21,	  126.67,	  96.93,	  96.14,	  95.85,	  86.99,	  82.35,	  78.89,	  74.65,	  67.14,	  66.68,	  55.96,	  55.25,	  54.58.	  	  HRMS-­‐
FAB+	  (m/z):	  [M]+	  calcd	  for	  C18H28O8S,	  404.1505;	  found,	  404.1499.	  
	  
	  
N-­‐northebaine.	  Prepared	  using	  50.1	  mg	  5	   (0.16	  mmol,	  1	  equiv)	   in	  2.4	  mL	  of	  DMSO	  (3%	  v/v),	  4.0	  mL	  8C7	   (2	  μM,	  
0.001	  equiv),	  30.6	  mg	  NADP+	   (0.04	  mmol,	  0.25	  equiv),	  488.2	  mg	  glucose-­‐6-­‐	  phosphate	   (1.6	  mmol,	  10	  equiv)	  and	  
960	  μL	  glucose-­‐6-­‐phosphate	  dehydrogenase	  (2	  u/mL	  total	  volume)	  in	  73.5	  mL	  of	  KPi.	  After	  4h	  the	  reaction	  mixture	  
was	   extracted	   as	   described	   in	   typical	   procedure	   for	   preparative-­‐scale	   bioconversions	   and	   the	   crude	  extract	  was	  
purified	  by	   SiO2	   chromatography	  eluting	  with	  MeOH/CH2Cl2	   1:9	   to	  provide	  0.026	  g	  of	  N-­‐northebaine	   (60%)	   as	   a	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yellow	  soild.	  1H	  NMR	  (599.67MHz,	  (CD3)2SO)	  δ	  ppm:	  δ	  6.71	  (1H,	  d,	  J	  =	  8.2	  Hz),	  6.59	  (1H,	  d,	  J	  =	  8.2	  Hz),	  5.51	  (1H,	  d,	  J	  
=	  5.8	  Hz,	  1H),	  5.27	  (1H,	  s),	  5.12	  (1H,	  d,	  J	  =	  6.8	  Hz),	  3.93	  (1H,	  d,	  J	  =	  6.0	  Hz),	  3.74	  (s,	  3H),	  3.54	  (s,	  3H),	  3.17	  (1H,	  s),	  
3.06-­‐2.90	  (3H,	  m),	  2.81	  (1H,	  dd,	  J	  =	  12.7	  ,	  4.6	  Hz),	  2.01	  (1H,	  dt,	  J	  =	  12.5,	  5.5),	  1.64	  (1H,	  d,	  J	  =	  12.5);	  13C	  NMR	  (150.8	  
MHz,	  (CD3)2SO)	  δ	  ppm:
	  	  152.0,	  144.3,	  142.1,	  133.2,	  127.7,	  119.1,	  113.0,	  99.7,	  96.9,	  96.0,	  88.1,	  64.8,	  55.9,	  54.7,	  52.7,	  
46.0,	  37.6,	  36.6.	  ESI-­‐MS	  (positive	  mode)	  m/z	  298.1	  (M+).	  
	  
	  
N-­‐nordextrometorphane.	  Prepared	  using	  0.050	  mg	  of	  6	  (0.13	  mmol,	  1	  equiv)	   in	  1.95	  mL	  of	  DMSO	  (3%	  v/v),	  3.63	  
mL	  4H5	  (72	  μM,	  0.001	  equiv),	  24.87	  mg	  NADP+	  (0.04	  mmol,	  0.25	  equiv),	  396.6	  mg	  glucose-­‐6-­‐	  phosphate	  (1.6	  mmol,	  
10	   equiv),	   390	   μL	   glucose-­‐6-­‐phosphate	   dehydrogenase	   (2	   u/mL	   total	   volume)	   and	   60	   mL	   of	   KPi.	   After	   4h	   the	  
reaction	   mixture	   was	   extracted	   as	   described	   in	   typical	   procedure	   for	   preparative-­‐scale	   bioconversions	   and	   the	  
crude	  with	  CH2Cl2	  and	   the	  crude	  extract	  was	  purified	  by	  SiO2	   chromatography	  eluting	  with	  CHCl3/MeOH/NH4OH	  
(90:10:0.5)	  to	  provide	  0.021	  g	  of	  N-­‐nordextrometorphane	  (50%)	  as	  a	  yellow	  solid.	  1H	  NMR	  (300.00	  MHz,	  CDCl3)	  δ	  
ppm:	  7.04	  (1H,	  d,	  J=8.3	  Hz),	  6.80	  (1H,	  d,	  J=2.3	  Hz),	  6.71	  (1H,	  dd,	  J=8.3,	  2.3	  Hz),	  3.78	  (3H,	  s),	  3.40	  (1H,	  br	  s),	  3.12	  (1H,	  
dd,	  J=	  15.0,	  5.5),	  2.87	  (1H,	  d,	  J=	  15.0),	  2.78–2.71	  (1H,	  m),	  2.64	  (1H,	  td,	  J=12.9,	  3.3	  Hz),	  2.31	  (1H,	  d,	  J=12.6	  Hz),	  1.81	  
(1H,	  d,	  J=12.9),	  1.70–1.58	  (2H,	  m),	  1.57–1.47	  (1H,	  m),	  1.43–1.25	  (5H,	  m),	  1.07	  (1H,	  m).	  13C	  NMR	  (150.8	  MHz,	  CDCl3)	  
δ	  ppm:	  	  158.4,	  141.0,	  128.8,	  128.7,	  111.2,	  111.0,	  55.1,	  51.0,	  44.2,	  41.2,	  38.5,	  37.7,	  36.5,	  31.6,	  26.6,	  26.4,	  21.9.	  ESI-­‐
MS	  (positive	  mode)	  m/z	  258.1	  (M+).	  
	  
	  
2,11-­‐α-­‐dihydroxyprogesterone.	  Prepared	  using	  0.101	  mg	  5	  (0.306	  mmol,	  1	  equiv)	  in	  4.53	  mL	  of	  DMSO	  (3	  %	  v/v),	  
18.0	  mL	  F1	  (33	  μM,	  0.002	  equiv),	  46.2	  mg	  NADP+	  (0.060	  mmol,	  0.20	  equiv),	  921.4	  mg	  glucose-­‐6-­‐	  phosphate	  (3.01	  
mmol,	   10	   equiv),	   906	   μL	   glucose-­‐6-­‐phosphate	   dehydrogenase	   (2	   U/mL	   total	   volume)	   in	   135	   mL	   of	   KPi.	   The	  
overnight	   reaction	  mixture	  was	  extracted	  as	  described	   in	   typical	  procedure	   for	  preparative-­‐scale	  bioconversions	  
and	  the	  crude	  extract	  was	  purified	  by	  SiO2	  chromatography	  eluting	  with	  Hex/AcOEt	  3:7	  to	  provide	  0.021	  g	  (20	  %)	  of	  
the	  product	  as	  a	  white	  soild.	  1H	  NMR	  (599.67MHz,	  CDCl3	  δ	  ppm:	  δ	  5.84	  (s,	  1H),	  4.35	  (dd,	  J	  =	  13.0,	  5.0	  Hz,	  1H),	  4.04	  
(m,	  	  1H),	  3.38	  (dd,	  J	  =	  13.0,	  5.0	  Hz,	  1H),	  2.54	  (m,	  2H),	  2.40	  (m,	  1H),	  2.37	  (dd,	  J=11.8,	  5.3	  Hz,	  1H),	  2.27	  (m,	  1H),	  2.17	  
(m,	  1H),	  2.12	  (s,	  3H),	  1.99	  (m,	  1H),	  1.69-­‐1.73	  (m,	  3H),	  1.50-­‐1-­‐54	  (m,	  3H),	  1.27	  (s,	  3H),	  1.07	  (m,	  1H),	  0.67	  (s,	  3H);	  13C	  
NMR	  (150.8	  MHz,	  CDCl3	  δ	  ppm:
	  	  210.0(C),	  201.0(C),	  175.0	  (C),	  120.0	  (CH),	  69.5	  (CH),	  68.1	  (CH),	  62.9	  (CH),	  56.2	  (CH),	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55.0	   (CH),	  50.0	   (CH2),	  44.0	   (C),	  42.4	   (C),	  41.8	   (CH2),	  34.8	   (CH2),	  34.7	   (CH),	  33.3	   (CH2),	  32.0	   (CH3),	  24.5	   (CH2),	  23.2	  
(CH2),	  23.1	  (CH3),	  14.6	  (CH3).	  ESI-­‐MS	  (positive	  mode)	  m/z	  347.0	  (M
+).	  
	  
Structural	  Data	  
	  
	  
1H-­‐NMR	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	  (11)	  in	  CDCl3.	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13C-­‐NMR	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	  (11)	  in	  CDCl3.	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Key	  portion	  of	  COSY	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	  (11)	  in	  CDCl3.	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Key	  portion	  of	  HMBC	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	  (11)	  in	  CDCl3.	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Key	  portion	  of	  HSQC	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐galactopyranoside	  (11)	  in	  CDCl3.	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1H-­‐NMR	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐manopyranoside	  (12)	  in	  CDCl3.	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13C-­‐NMR	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐manopyranoside	  (12)	  in	  CDCl3.	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Key	  portion	  of	  COSY	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐manopyranoside	  (12)	  in	  CDCl3.	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Key	  portion	  of	  HMBC	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐manopyranoside	  (12)	  in	  CDCl3.	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Key	  portion	  of	  HSQC	  spectrum	  of	  2,3,6-­‐tri-­‐O-­‐methoxymethyl-­‐1-­‐phenylthio-­‐β-­‐D-­‐manopyranoside	  (12)	  in	  CDCl3.	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1H-­‐NMR	  spectrum	  of	  N-­‐Northebaine	  (13)	  in	  (CD3)2SO.	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13C-­‐NMR	  spectrum	  of	  N-­‐Northebaine	  (13)	  in	  (CD3)2SO.	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1H-­‐NMR	  spectrum	  of	  N-­‐Nordextromethorphan	  (14)	  in	  CDCl3.	  
	  
 24	  
	  
13C-­‐NMR	  spectrum	  of	  N-­‐Nordextromethorphan	  (14)	  in	  CDCl3.	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1H-­‐NMR	  spectrum	  of	  -­‐11-­‐α-­‐dihydroxyprogesterone	  (16)	  in	  CDCl3.	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13C-­‐NMR	  spectrum	  of	  2-­‐11-­‐α-­‐dihydroxyprogesterone	  (16)	  in	  CDCl3	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1H-­‐1H-­‐gCOSY	  NMR	  spectrum	  of	  -­‐11-­‐α-­‐dihydroxyprogesterone	  (16)	  in	  CDCl3	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1H-­‐13C-­‐HSQC	  NMR	  spectrum	  of	  2-­‐11-­‐α-­‐dihydroxyprogesterone	  (16)	  in	  CDCl3	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1H-­‐13C-­‐HMBC	  NMR	  spectrum	  of	  2-­‐11-­‐α-­‐dihydroxyprogesterone	  (16)	  in	  CDCl3	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1H-­‐1H-­‐NOESY	  1D	  NMR	  spectrum	  of	  2-­‐11-­‐α-­‐dihydroxyprogesterone	  (16)	  in	  CDCl3
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